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Hormone-sensitive adenylate cyclase along the nephron of genet-
ically hypophosphatemic mice. The response of the adenylate cy-
clase (AC) activity to PTH and calcitonin was measured along
the nephron of normal (N) and mutant hypophosphatemic (Hyp)
mice of the C 57 BL/6J strain, using in vitro single tubule AC
microassay. In each experiment, a Hyp mouse was paired to a N
mouse from the same litter. In the presence of PTH (10 U/mi),
AC activities (femtomoles cAMP per millimeter of tubule per 30-
mm incubation) were reduced in the proximal convoluted tubule of
Hyp mice as compared to N mice in all experiments (448 (sEM)
46 vs. 831 79, N = 4,P <0.01). Some decrease in AC response
to PTH also was noted in the cortical portion of the thick ascend-
ing limb of the loop of Henle (476 70 in Hyp mice vs. 719 83
in N mice, N = 4, P = NS). The Hyp and N AC responses to
PTH were similar in the "bright" and "granular" portions of the
distal convoluted tubule (1524 177 in Hyp mice and 1538 228
in N mice, N 4). The other segments tested were not respon-
sive to PTH (except the pars recta of the proximal tubule). In the
presence of salmon calcitonin (10 ng/ml), a striking 5- to 12-fold
increase in AC activity of the "bright" and "granular" portions
of the distal convoluted tubule was observed in each Hyp mouse
as compared to its paired N control (2434 618 vs. 399 56, N
= 6, P <0.01). The AC response to calcitonin was also increased,
though to a lesser extent (Hyp/N 1.8) in the "light" portion of
the distal tubule (590 60 in Hyp and 352 36 in N mice, P <
0.01). Other segments of the mouse nephron were also observed
to contain calcitonin-sensitive AC, but the responses were of
limited magnitude only and were not statistically different in Hyp
and N mice. Dose-response curves showed that the decrease of
the response to PTH in the proximal tubule as well as the in-
crease of the response to calcitonin in the distal tubule were pres-
ent in Hyp mice for the whole range of hormone concentrations
tested. In both structures, the apparent Km for the cyclase acti-
vation by the hormone was similar in the Hyp and its paired N
mouse.
L'adényl-cyclase hormone sensible le long du néphron de souris
génetiquement hypophosphatémique. La réponse de l'adényl-cy-
clase (AC) a la PTH et a Ia calcitonine a été mesurée le long des
néphrons de souris de race C 57 BL/69 normales (N) ou atteintes
d'hypophosphatemie héréditaire (Hyp) en utilisant une micro-
méthode in vitro sur tubule unique. Une souris Hyp et une souris
N de la méme portëe ont été étudiées dans chaque experience.
En presence de PTH (10 U/ml), l'activitë AC (fentomoles de
cAMP forme par millimetre de tubule par 30 minute
d'incubation) du tubule contourné proximal était abaissée chez
Ia Souris Hyp par rapport au témoin dans toutes les experiences
(448 (sEM) 46 au lieu de 831 79, N = 4, P < 0.01). Une
certaine diminution de Ia réponse de l'AC a Ia PTH a aussi ëté
notée dans Ia portion corticale du segment large de Ia branche
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ascendante de l'anse de Henle (476 70 chez Ia souris Hyp au
lieu de 719 83 chezla souris N, N = 4, P = NS). Par contre, les
reponses a la PTH des souris Hyp et N ont été égales dans les
portions "brillante" et "granuleuse" du tubule contourné distal
(1524 177 chez Ia souris Hyp et 1538 228 chez Ia souris N, N
= 4). Les autres segments tubulaires testes n'étaient pas sen-
sibles a Ia PTH (sauf Ia pars recta du tubule proximal). En pré-
sence de calcitonine de saumon (10 ng/ml), une augmentation
marquee (5 a 12 fois) de Ia réponse des portions "brillante" et
"granuleuse" do tubule contourné distal a été observée sur Ia
souris Hyp par rapport a Ia souris N dans chacune des ex-
périences (2434 618 contre 399 56, N = 6, P < 0.01). La
reponse de l'AC a la calcitonine était augmentée egalement, bien
qu'a un moindre degre (Hyp/N 1.8) dans Ia portion "claire"
du tubule distal (590 60 chez Ia souris Hyp et 352 chez Ia souris
N, P < 0.01). D'autres segments du nephron de souris con-
tenaient aussi une AC sensible ala calcitonine, mais les réponses
y étaient d'une amplitude beaucoup plus faible et non statistique-
ment différentes chez les souris Hyp et N. Des courbes dose ré-
ponse ont montré que Ia baisse de Ia réponse du tubule proximal
a la PTH aussi bien que l'augmentation de Ia réponse du tubule
distal a la calcitonine étaient présentes pour toutes les concen-
trations hormonales utilisées. Sur les deux structures, les Km
d'activation de l'enzyme par l'hormone ont été trouvés com-
parables chez Ia souris Hyp et son témoin normal.
A mutant strain of mice with hypophosphatemia
(Hyp mice) associated with clinical and radiologic
symptoms of rickets has been described recently
[1]. It was further observed that the disease results
from excessive phosphaturia [1], which may be ac-
counted for, at least in part, by impaired phosphate
reabsorption in the proximal tubule [2, 3]. Accord-
ing to Tenenhouse et al [4], the Hyp mice exhibit a
defect in inorganic phosphate transport through the
brush border of the proximal tubule epithelium.
Cowgill et al [3], however, showed that the proxi-
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mal tubules of these mice are able to reabsorb more
phosphate after thyroparathyroidectomy, "suggest-
ing a role for parathyroid hormone (PTH) in the
phosphaturia of intact mutants." As a matter of
fact, two polypeptide hormones, PTH and calcito-
nm, participate in the control of phosphate excre-
tion by the mammalian kidney [5]. Both hormones
act via cAMP production, as demonstrated by their
ability to stimulate adenylate cyclase activity of kid-
ney homogenates [6, 7]. With a single-tubule enzy-
matic microassay, it was shown recently that PTH
and calcitonin stimulate adenylate cyclase in sever-
al, well-defined portions of the rabbit nephron [8-
101. In the present study, this single-tubule micro-
assay was used in Hyp mice and control normal
mice of the same strain to evaluate whether specific
changes in adenylate cyclase response to PTH or
calcitonin, or both, are associated with the disease.
Such changes were observed for PTH in the proxi-
mal tubule and for calcitonin in the distal tubule.
Methods
The technique of nephron microdissection and
adenylate cyclase (AC) activity measurement pre-
viously described for the rabbit [11, 12] has been
adapted with few modifications to the mouse.
Animals. All mice used were of the C57 BL/6 J
strain. For the control experiments, they were sup-
plied by Charles Rivers Breeding Laboratories. The
hypophosphatemic mutants (Hyp mice) were sup-
plied by Dr. F. M. Eicher (Jackson Laboratory, Bar
Harbor, Maine 04609, USA) and Dr. C. Scriver
(Montreal Children's Hospital, Montreal, P.Q, Can-
ada), who described the main features of this dis-
ease [11.
Experimental protocol. Two series of experi-
ments were performed. In control experiments, the
distribution of the main sites of calcitonin and PTH
action along the mouse nephron was analyzed. The
second series used six Hyp mice (two male Hyp y
and four female Hyp x) paired in each of the six
experiments to a normal (N) mouse from the same
litter. The distinction between N and Hyp mice was
made easily from the clinical aspect of the animals
(growth curve, tail length, typical gait, scoliosis)
and was confirmed in each case by radiography of
the tail and measurement of plasma inorganic phos-
phate concentration according to the technique of
Chen and Toribara [13]. The mean plasma phos-
phate concentration in Hyp mice was 1.70 (SD)
0.21 m compared to 2.84 0.33 m in control
mice (P < 0.001). In four Hyp and their paired N
mice, calcitonin concentration in blood plasma was
measured by J. M. Garret using a radioimmunoas-
say adapted to rats [141.
Microdissection. After anesthesized with nem-
butal (1.5 mg i.p.) and injected with heparin (0.75
mg into jugular vein), the animals were bled, the ab-
domen opened, and the left kidney perfused in situ
(0.1 mI/mm) with 1 ml of a cold mixture of collage-
nase (1 mg/ml) in modified Hank's solution contain-
ing calcium chloride (1 mM). Then, the kidney was
detached and decapsulated, and small pyramids of
parenchyma were isolated from sagittat slices, in-
cluding both cortex and medulla. These pyramids
were incubated in collagenase solution either during
10 to 20 mm at 35° C or at room temperature (about
20° C) for 40 to 80 mm. The reasons for changing
collagenase hydrolysis temperature in the course of
these experiments are documented in the beginning
of the Results section.
Microdissection of the tubules was performed at
00 C in modified Hank's solution containing calcium
chloride (0.25 mM). Single portions of the required
segments of tubule (about 0.5 mm in length) were
isolated from the adjacent structures, transferred
together with a droplet of Hank's solution into the
trough of bacteriologic glass slides, and photo-
graphed for subsequent length measurements. The
slides were then covered and sealed with another
glass slide and kept at 0° C until incubation.
Adenylate cyclase activity measurements. Before
incubation, the Hank's solution contained in each
sample was aspirated. Then 0.5 pi of "hypoosmot-
ic" solution was delivered, and the sample finally
was frozen on dry ice for a few seconds to ensure
complete permeabilization of the tubular cell mem-
branes to nucleotides Ill]. When tested, hormones
were added in appropriate concentrations in the
"hypoosmotic" solution. The incubation period
was initiated by the addition of 2 pi "incubation"
solution (containing a-32P-ATP) to each sample. In-
cubation was continued for 30 mm at 30° C, and the
reaction was terminated by adding 150 d of "stop"
solution. Separation of 32P-cAMP formed from
its precursor o-32P-ATP and other phosphate 32 flu-
cleotides was obtained by two consecutive filtra-
tions through Dowex and aluminium oxide col-
umns, according to the method of Salomon et a!
[15]. By this procedure, ATP is retained almost en-
tirely, whereas cAMP recovery usually ranges be-
tween 60 and 80%, as judged by tritiated cAMP add-
ed as a tracer in the "stop" solution. Tritium and
phosphate 32 radioactivities of the eluate were mea-
sured by liquid scintillation in the Unisolve solution
(Koch Light Laboratory).
Solutions and compounds. Collagenase (1 mg/rn!)
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from Clostridium histolyticum (Sigma type 1) was
dissolved in modified Hank's solution containing
bovine serum albumen (1 mg/nil).
Modified Hank's solution contained, in mu-
limolar amounts: sodium chloride, 137; potassium
chloride, 5.15; magnesium sulfate, 0.81; dibasic so-
dium phosphate 0.33; monobasic potassium phos-
phate, 0.44; magnesium chloride, 1.05; Tris hydro-
chloric acid, 10; calcium chloride, 0.25 or 1 for dis-
section and collagenase solutions, respectively.
"Hypoosmotic" solution contained EDTA, 0.25
mM; magnesium chloride, 1.0 mM; Tris hydro-
chloric acid, 8 mM; bovine serum albumen, 1 mg!ml
(pH, 7.4).
"Incubation" solution, final composition, con-
tained: ATP, 0.25 to 0.3 mM; a-32P-ATP (sodium
salt, NEN), 17 to 20 Ci/mmole (1 to 1.5 CiJ
sample); cAMP, 1 mM; phosphocreatine, 20 mM;
creatine kinase, 5 mg/mi; EDTA, 0.25 mM; magne-
sium chloride, 4 mM; Tris hydrochloric acid, 100
mM (pH, 7.4).
"Stop" solution contained ATP, 3.3 mM; cAMP,
5 mM; tritiated cAMP (CEA, Saclay France), 20
Cilmmole (tracer doses); Tris hydrochloric acid,
30 mM (pH, 7.6).
PTH (1-34 synthetic fragment of bovine PTH,
3850 lU/mg) was supplied by Beckman. Calcitonin
(synthetic salmon calcitonin, 4000 lU/mg) was sup-
plied by Sandoz, South America.
Calculations. 32P-cAMP measurements were cor-
rected on the basis of recovered tritiated cAMP
and converted into amounts of cAMP during the
incubation period according to the cr-32P-ATP spe-
cific radioactivity of the incubate. Results were ex-
pressed as femtomoles (105moles) cAMP formed
per millimeter of tubular length per 30 mm's in-
cubation time. Unit of tubular length was used as a
reference since the protein content per sample
(about 0.05 to 0.1 sg protein for 0.5-mm length of
tubule) was far too low to be measured. As already
discussed [11, 12], reference to tubular length unit is
questionable for comparing AC activities measured
in different segments, since outer tubular diameter
and protein content vary from segment to segment.
This reference can be used, on the other hand,
when AC activities of the same segments are com-
pared under two different experimental conditions,
as Hyp versus N mice were in this study, provided
that no gross anatomical changes are associated
with one of the conditions used. No visible dif-
ference in tubular diameter between Hyp and N
mice could be noted under stereomicroscopic ob-
servation of the nephron portions used in this study.
Statistical analysis was performed in each experi-
ment by comparing the mean values of replicate
samples measured under the same conditions in the
Hyp mouse and its paired N mouse (Student's t in-
dependent test). Values are expressed SEM.
Results
Effect of temperature during collagenase treat-
ment on PTH-dependent activity. When the condi-
tions of kidney hydrolysis with collagenase de-
scribed for the rabbit [11] were applied to the
mouse, it was noted that PTH-stimuiated adenylate
cyclase (AC) activity in proximal tubule samples
was low and variable, even when the duration of the
treatment at 35° C was reduced from 40 mm to 10 to
15 mm. In addition, proximal tubules appeared
irregularly swollen and damaged under stereo-
microscopic observation. In contrast, the AC re-
sponse of the other segments sensitive to PTH was
as large and as reproductible in the mouse as it was
in the rabbit. Therefore, coliagenase hydrolysis of
small tissue pyramids from the same kidneys was
performed both at 35° C and at room temperature
(20° C) to detect a possible deleterious effect of the
higher temperature on PTH-dependent AC in the
proximal tubule. The results are presented in Table
1. The lower temperature during coliagenase hy-
drolysis clearly resulted in about a three-fold in-
crease in PTH-dependent AC activity in proximal
tubule samples, in addition to a marked reduction of
the scatter of the data. The mean values obtained in
the rachitic Hyp mouse were about half those of the
control N mouse at both temperatures, but the dif-
ference between the two animals was statistically
significant for 20° C only (in spite of the smaller
number of replicate samples used at this temper-
ature) as a result of the reduced scatter of the data.
The nature of this temperature-dependent effect has
not been established. Among possible causes are
greater anoxia of the tissue at the higher temper-
ature or more efficient nonspecific proteolysis due
to proteases contaminating the collagenase, or
both. The temperature-dependent changes in AC
response were roughly similar in Hyp and N mice,
as judged by comparable Hyp/N ratios irrespective
of the temperature used during collagenase hydroly-
sis.
This temperature-dependent effect was much less
marked for the samples of the distal portions of the
nephron (CAL, Tables 1 and 3; DCT, Table 4).
In all further experiments, collagenase hydrolysis
was performed at room temperature. In the case of
proximal tubule samples (PCT and PR), the data
given in this paper were restricted to those obtained
with collagenase treatment at room temperature. In
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Table 1. Effect of temperature dunng collagenase hydrolysis on adenylate cyclase (AC) response to VFH°
Temperature
AC activity
.ACactivity ratio
Segment Mice °C fmoleslmin/30 mm so P (200/350)
PCT N 35 264 67.5
(N = 4)
51%
<0.005 2.77
20 734 62.4
(N = 3)
15%
Hyp 35 124 32.2 64%
(N 6)
<0.005 3.05
20 380 54.1
(N =4)
28%
CAL N 35 701 38.8
(N =5)
12%
<0.025 1.22
20 855 34.9
(N = 5)
9%
Pieces of tissue from the same kidney were preincubated in "collagenase" solution either at room temperature (20° C) or at 350 C.
Otherwise, all samples were processed as indicated in Methods. AC activity was measured in the presence of PTH (10 U/mI). AC
activities are given as mean values SEM; N denotes the number of samples. so is given as a percent of the mean to give an estimate of
the scatter. PCT (proximal convoluted tubule) samples are from either an hypophosphatemic mouse (Hyp) or its normal (N) paired
mouse (data collected in exp. no. 3); cortical thick ascending limb (CAL) samples are from normal mice. Note that the lower temperature
resulted in a higher AC response to PTH and a reduced scatter of the data in the proximal tubules. This temperature effect was much less
marked in CAL samples.
the case of the other segments in which the temper-
ature effect was less marked, the results obtained at
both temperatures are presented, and the temper-
ature used in each experiment is indicated.
Distribution of PTH and calcitonin-dependent
AC activity along the mouse nephron. The distribu-
tion of PTH and calcitonin (SCT) action sites along
the mouse nephron was analyzed in a series of four
experiments with C 57 BL/6 J normal mice.
The various segments were identified, isolated,
and named according to the criteria reported for the
rabbit nephron [10, 11]. The following segments
were studied in mice: PCT, proximal convoluted tu-
bule; PR, late portion of the pars recta; TDL, thin
descending limb of the loop of Henie; MAL, medul-
lary portion of the thick ascending limb of the loop
of Henle; and CAL, cortical portion of the thick as-
cending limb of the ioop of Henle. DCTg denotes
"bright" and "granular" portions of the distal con-
voluted tubule'. DCTI denotes terminal, "light"
'In mouse kidneys, transition between the first "bright" por-
tion and the second "granular" portion of the distal tubule is less
visible than it is in the rabbit [101. In addition, preliminary exper-
iments in mice [16] showed that both portions contain PTH- and
SCT-sensitive AC, in contrast with the rabbit in which these hor-
mones act separately in the two portions [10]. Therefore, DCT,,
and DCTg portions were not separated from each other in the
present study.
portion of the distal tubule. CCTI denotes "light"
cortical collecting tubule. MCT denotes medullary
collecting tubule. In mouse kidneys in contrast to
rabbit kidneys [101, the cortical collecting tubules
do not contain a granular portion (CCTg), so that
most distal tubules end with a "light" portion
"DCT," branched to CCT, [16].
Figure 1 shows as mean values the basal and hor-
mone-stimulated AC activities measured in the dif-
ferent segments of the normal mouse nephron in the
presence of either PTH (10 U/mi) or SCT (10 ng/mi).
The segments in which statistically significant in-
creases in AC activity as compared to basal activi-
ties were elicited by either hormone are marked
with an asterisk in Fig. 1. Quantitative aspects have
been reported in more detail [16]. For PTH, the
responsive segments are PCT, PR, CAL, and
DCT+g. Forcacitonin, the responsive segments are
PCT, CAL, DCTb+g, DCT,, and CCT,.
PTH-induced AC responses (stimulated minus
basal values) in the pars recta of the proximal tubule
(PR) varied from experiment to experiment in con-
trol mice, even when the lower temperature was
used during coilagenase hydrolysis (517 264, N =
5; 282 72, N = 5, and 105 37 fmoles/mmJ3O mm,
N = 6, in three different experiments). The range of
variation among N mice was much less marked for
PTH responses in the pars convoluta (PCT) samples
(see Table 2). Consequently, no attempt was made
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Fig. 1.Distribution of hormone-sensitive adenylate cyclase activity (AC) along the normal mouse nephron. Each bar represents the mean
value for AC activity measured in several (3 to 9) normal mice (3 to 5 replicate samples in each mouse). AC activities are expressed as
femtomoles of cAMP formed per millimeter of tubular length per 30 mm's incubation time at 300 C. Black bars denote basal activity
measured in the absence of hormone. Shaded bars denote AC activity measured in the presence of PTH (1-34 synthetic bovine fragment,
10 U/ml) in upper panel, or in the presence of salmon calcitonin (SCT, 10 ng/ml) in bottom panel. Abbreviations used are: PCT, proximal
convoluted tubule; PR, pars recta of the proximal tubule; TDL, thin descending limb of the loop of Henle; MAL, medullary portion and
CAL, cortical portion of the thick ascending limb of the loop of Henle; DCTb + g, "bright" and "granular" portions of the distal con-
voluted tubule; DCT,, "light," terminal portion of the distal convoluted tubule; CCT1 cortical, "light" portion, and MCT, medullary
portion of the collecting tubule. Segments in which the tested hormone induced a reproducible and statistically significant increase in
cAMP generation in all experiments are indicated with an asterisk.
to investigate a possible change in AC sensitivity to
PTH in Hyp as compared to N mice in the pars rec-
ta.
Hormone-dependent AC activity in Hyp versus N
mice. Six experiments using two male and four fe-
male Hyp mice were performed. In each experi-
ment, the response obtained for three to seven rep-
licate samples from several nephron segments were
compared under the same experimental conditions
in one Hyp mouse and one control N mouse from
the same litter. All segments could not be studied
with both PTH and SCT in each experiment, but
the main responsive segments, PCT, CAL, and
DCTb+g, were compared in Hyp and N mice for
each hormone in at least three different experi-
ments.
(A) Proximal convoluted tubule (PCT). The re-
suits of four experiments in which collagenase hy-
drolysis was performed at room temperature are
given in Table 2. Basal AC activity in Hyp com-
pared to paired N mice was decreased in two exper-
iments and unchanged in the other two. Mean val-
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Table 2. Hormone-dependent adenylate cyclace (AC) activity (fmoleslmrn/30 mm) in proximal convoluted tubules (PCT) of
hypophosphatem ic (Hyp) micea
Mice
Exp. AcAMP scAMP
no. Type Sex Basal P WithPTH(IOU/ml) P (HypiN) WiIhSCT(lOng/ml) P (Hyp/N)
3 N F 20.7 1.3
(N=3)
734 62.4(N3)
<0.01 <0.01 0.52
Hyp F 9.3 1.6(N3) 380 54(N4)
4 N F 9.8 0.9
(N=5)
670 50(N7) 32.4 5.8(N=7)
NS <0.00! 0.54 <0.05 4.1
Hyp F 7.6 1.8(N=5)
361 34
(N=7)
100.5 28.8
(N=7)
5 N F 6.9 0.9
(N=5)
901 55(N5) 67.3 17.3(N=9)
NS <0.01 0.60 NS 1.6
Hyp F 9.8 1.9(N=2)
544 62(N-5) 105.9 25(N=6)
6 N M 31.9 2.9
(N=4)
1019 72(N5) 86.4 15.7(N=5)
<0.01 <0.001 0.50 NS 1.8
Hyp F 16.9 1.9(N=4)
508 65(N=5) 111.4 34.8(N=S)
Mean N 17.3 5.7
(N=4) 831
79
(N=4)
62 15.8
(N=3)
NS <0.0! 0.54 NS
Hyp 10.9 2.0(N=4)
448 46
(N=4) 106 3.1(N3)
a AC activity of PCT samples was measured in the absence (basal) or the presence of either parathyroid hormone (PTH) or salmon
calcitonin (SCT). All data are given as mean values SEM. N denotes the number of samples measured (or the number of mice for the
line indicated "mean") zcAMP (Hyp/N) refers to the increase in cAMP production induced by the hormone (stimulated minus basal AC
activity) in the Hyp mouse relative to the paired normal (N) mouse. All segments in exp. no. 4-6, and only PCT samples in exp. no. 3
were isolated from pieces of tissues incubated with collagenase at room temperature.
ues for Hyp and N mice were not statistically dif-
ferent. In the presence of PTH, 10 U/mI, AC
activity in Hyp mice was only about half the value
obtained in the paired N mice. The difference was
highly significant (P < 0.01) in each experiment as
well as were the mean values of the two groups of
four mice. In experiment no. 5, a lower PTH con-
centration (0.1 U/mI) was tested also, which led to a
similar difference in AC response (N mouse, 399
66, N = 4; Hyp mouse, 178 30, N = 3 fmoles/mm/
30 mm; Hyp/N, 0.44). As depicted in Fig. 2, com-
plete dose-response curves were established in one
experiment (no. 6). The AC response was lower in
PCT samples from the Hyp than it was from the N
mouse for all PTH concentrations used. Apparent
Km of activation was similar in both curves and
corresponded to about 300 mUIml.
SCT (10 ng/ml) was tested on PCT in three exper-
iments (Table 2). AC stimulation induced by SCT in
proximal tubule (although statistically significant in
each experiment when compared to basal activity)
was much smaller than that induced by PTH. In ad-
dition, when a lower SCT concentration (0.1 nglml)
was tested in one control experiment, it induced no
significant AC stimulation. The same 10 and 0.1 ng/
ml SCT concentrations, respectively, induced max-
imal and submaximal responses in DCTb+g sam-
ples (see below and Fig. 3). When Hyp and N mice
are compared, it may be noted that the AC response
to SCT was somewhat increased in Hyp mice, but it
was significantly different from N mice in only one
experiment (no. 4).
These results indicate that, in the mouse, AC is
highly responsive to PTH and slightly responsive to
SCT in the PCT. The response to PTH is de-
creased in Hyp mice as compared to N mice, with-
out a similar reduction of the PCT response to cal-
citonin.
(B) Cortical thick ascending limb (CAL). This
segment was tested for PTH and SCT in four exper-
iments. Results are given in Table 3. There was no
difference in basal activity in Hyp versus N mice.
PTH (10 UIml) strongly stimulated AC activity in
CAL samples from all mice. In three Hyp mice, the
mean response to PTH was decreased by 15 to 25%
as compared to that of the paired mice. In one ex-
periment (no. 1), the drop was more marked (65%)
and was statistically significant. In the presence of
Adenylate cyclase and hypophosphatemia 363
Fig. 2. PTH dose-response curves of AC activity in PCT from a
hypophosphatemic (Hyp) versus the paired normal (N) mouse.
On the abcissa are the PTH concentration (log scale) used in the
incubate and the basal activity (C) measured in the absence of
hormone. Each point corresponds to the mean value of 3 to 5
replicate samples (± 5EM) of proximal convoluted tubules(PCT). Black dots refer to the Hyp mouse, open circles to the
paired N mouse. All data were obtained in exp. no. 6. Half maxi-
mum AC activation corresponded to 0.2-0.3 U/mi PTH in both
animals. Differences between Hyp and N responses were signifi-
cant for all PTH concentrations used.
____ _______ I I I
1 10 100
Fig. 3. SCT dose-response curves of AC activity in DCTb + 9from
a Hyp versus the paired N mouse. On the abcissa are the SCT
concentrations used, plotted on a log scale, and C which in-
dicates basal activities. Each point corresponds to the mean val-
ue of 3 to 5 replicate samples (± SEM) of distal convoluted tu-
bules ( bright" plus granular" portions, DCTb + g). Black dots
represent the Hyp mouse, open circles the paired N mouse. All
data were obtained in exp. no. 6. Differences between Hyp and
N responses were significant for all SCT concentrations used.
Half maximal response corresponded to about 0.5 ng/ml (N
mouse) and 0.6 ng/ml (Hyp mouse) respectively. See Figs. 1 and
2 to define abbreviations.
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SCT (10 ng/ml), AC activity in N mice was slightly
although significantly (except in experiment no. 4)
higher than were basal values. In N mice, the aver-
age stimulation ratio was only 2.4-fold with SCT as
compared to 26-fold with PTH. No systematic dif-
ference in CAL response to SCT could be noted be-
tween Hyp and N mice. Table 3 thus shows that
mouse CAL contains AC activity highly responsive
to PTH and poorly responsive to calcitonin. In Hyp
mice, the response to PTH was decreased in all ex-
periments as compared to the paired N mice, but
the drop was not statistically significant. No change
in CAL response to SCT was noted in the Hyp
mice.
(C) Distal convoluted tubule (DCTb+,,.). The re-
sponse of the distal convoluted tubule (DCTb+g)
samples to PTH was tested in four experiments, and
that to SCT was tested in six experiments. As al-
ready mentioned, no attempt was made in these ex-
periments to measure hormone-sensitive AC activi-
ty in the "bright" and "granular" portions of DCT
separately, since both portions were observed to re-
spond to the two hormones in mice [161. As shown
in Table 4, basal DCTg activity was high and rela-
tively variable from experiment to experiment in
mice, as previously found in rabbits [101. In five of
the six experiments, no difference in basal activity
could be observed in Hyp versus N mice.
PTH (10 U/mi) induced a large increase (average
15-fold) in AC activity of DCT. In all four experi-
ments, the results in the Hyp mouse were similar to
those measured in the paired N mouse, indicating
that in DCTbg the AC response to PTH was not
modified by the disease (Table 4).
The situation was quite different as regards
DCTb+g responses to calcitonin. In N mice, SCT (10
ng/ml) induced a marked AC stimulation (average,
four-fold) which was statistically significant when
compared to the corresponding basal mean value in
each of the six experiments in spite of the scatter of
the data. The striking observation concerns the Hyp
mice, in which SCT induced a much higher AC
stimulation in DCTg samples than it did in the
paired N mouse in each experiment. When the
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Table 3. Hormone-dependent adenylate cyclase (AC) activity (fmoles/mmI3O mm) in cortical thick ascending limbs from
hypophosphatemic (Hyp) mice'
Mice
Exp.
no. Type Sex Basal P With PTH (10 U/mI) P
scAMP
(Hyp/N) With SCT (10 nglml) P
scAMP
(Hyp/N)
1° M M 25.3 2.6
(N=4)
862.5 69(N=4) 56.0
11.3(N4)
NS <0.001 0.34 NS 0.84
Hyp M 16.4 1.3(N=4)
300.5 77
(N=3)
42.2 24.4
(N=4)
2 N M 19.0 0.9(N4) 626.0 79.3(N71) 62.2 14.4(N=5)
NS NS 0.79 NS 1.13
Hyp M 22.8 1.8(N4) 505.0 45.5(N=7) 71.4 21.3(N6)
3b N F 41.5 5.4
(N=4)
532.0 16.9
(N=6)
97.5 18.8(N6)
NS NS 0.83 NS 0.52
Hyp F 50.3 11.7(N=6)
459.0 98.7(N5) 79.3 10.1(N5)
4 N F 22.1 1.4
(N=4)
855.0 35
(N=5)
42.7 13.9
(N=3)
NS NS 0.75 NS 0.82
Hyp F 15.3 4.1(N=3) 641.0
108
(N=5)
32.2 10.5
(N=4)
Mean N 27.0 5.0
(N=4)
719.0 83
(N=4)
64.6 11.7(IV4)
NS NS 0.68 NS
Hyp 26.2 8.2(N4) 476.0 70(N4) 56.3 11.3(N=4)
AC activity of cortical thick ascending limbs (CAL) of the ioop of Henle was measured without (basal) or with PTH or SCT in the
incubate. Results are presented in the same way as they are in Table 2.
Collagenease hydrolysis was performed at 350 C.
mean values of the six Hyp and the six N mice are
compared (Table 4), the difference is still highly sig-
nificant, in spite of the fact that the three experi-
ments performed with collagenase hydrolysis at
room temperature led to higher absolute values in
both Hyp and N mice than those performed after
hydrolysis at 350 C. The relative values, however,
were not affected by temperature, as judged from
Hyp/N ratios of increase in cAMP generation in-
duced by SCT in each experiment. The mean re-
sponse to SCT in DCTb+g samples was 7.5-fold
higher in Hyp mice as compared to N mice. As de-
picted in Fig. 3, dose-response curves to SCT were
established in one experiment (no. 6). For all SCT
concentrations used, the AC response obtained was
clearly higher in DCTg samples from the Hyp
mouse than it was in those of the N mouse. For both
curves, half-maximal stimulations were observed at
similar SCT concentrations (about 0.5 ng/ml), in-
dicating that the increased response observed in
Hyp mice is not associated with any marked change
in affinity towards SCT.
(D) "Light" portions of the distal (DCT1) and
collecting tubule (CCT1). As shown in Fig. I, these
two nephron portions in the mouse are not respon-
sive to PTH (this absence of response to PTH was
confirmed in Hyp mice as well), but do contain
SCT-sensitive adenylate cyclase. Therefore, AC re-
sponsiveness to SCT only was compared in Hyp
versus N mice. DCT1 and CCTI samples were mea-
sured in three experiments, and the corresponding
results were pooled since the number of measure-
ments of basal activity was limited (Table 5). In N
mice, AC response of DCT1 samples to SCT was
roughly similar to that measured in DCTg sam-
ples, when expressed as increase in cAMP genera-
tion (stimulated minus basal activities equal to
about 300 fmoles/mm/30 mm in both structures). In
Hyp as compared to N mice, the response to SCT
was significantly increased in DCTI (Table 5) as it
was in DCTg, but the Hyp/N ratio for increase in
cAMP formed (Hyp/N) was only 1.8 in DCT1, in-
stead of 7.5 in DCT+g.
In CCT1, calcitonin induced a small although sta-
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39.0 6.1
(N =7)
Hyp M 66.6 28
(N =5)
2' N M 62.3 11.3
(N =7)
Hyp M 116.7±22
(N = 6)
3b N F 153.5 14.4
(N = 4)
Hyp F 126.3 19.1(N =3)
4 N F 88.2± 6.8
(N = 4)
Hyp F 71.9 9.7
(N =4)
5 N F 86.7± 3.9
(N =3)
Hyp F 77.3 7.4
(N =2)
6 N M 149.8 24.5
(N = 5)
Hyp F 175.2 17.0
(N =3)
Mean N M 96.6 18.9
(N =6)
Hyp F 105.7 17.2(N = 6)
1113 160
(N= 11)
1587 207
(N= 11)
1302 131
(N =9)
NS
1256 215
(N =6)
2158 473
(N = 4)
NS
2005 486
(N =5)
1538 228
(N =4)
NS
1528 177
(N =4)
273 60
(N =7)
1275 277
(N =7)
211 41
(N = 12)
1572 23
(N = 12)
378 26
(N =9)
1300 316
(N =8)
478± 65
(N =6)
2622 655
(N =6)
493 134
(N =6)
2568 206
(N = 4)
563 73
(N =6)
5267 63
(N =3)
399± 56
(N =6)
2434 618
(N = 6)
tistically significant response (P <0.02) in both Hyp
and N mice when compared to the corresponding
basal activities (Table 5). The difference between
Hyp and N mice, however, was not statistically sig-
nificant.
All results comparing Hyp and N mice are sum-
marized in Fig. 4. Increases in cAMP generation
(cAMP formed) in the presence of either PTH or
SCT are given as mean values for all responsive
segments tested. As regards PTH, the responses of
Hyp mice were always reduced in PCT and un-
changed in DCTb+g. The small decrease in CAL re-
sponse was a reproducible, but not statistically sig-
nificant, observation. As regards calcitonin, the re-
sponses of Hyp mice were always highly enhanced
in DCTb+g, slightly enhanced in DCT1, and un-
changed in CAL. The small increments noted in
PCT and CCTI were not statistically significant.
Discussion
Hormone-sensitive AC distribution along the
mouse nephron. The distribution of PTH action
sites in the mouse nephron was rather similar to that
reported for the rabbit Lj8, 10]. As already men-
tioned, the only difference concerns the "bright"
portion of the distal tubule, which contains PTH-
Table 4. Hormone-dependent adenylate cyclase (AC) activity (fmoles/mmJ3O mm) in distal convoluted tubules from hypophosphatemic
(Hyp) micea
1b N M
Mice
Exp. &AMP AcAMP
N° Type Sex Basal P WithPTH(1OU/ml) P (Hyp/N) WithSCT(lOng/ml) P (Hyp/N)
1579 180
(N =7)
NS
1264 375
(N =8)
<0.05
NS 0.78
NS 1.40
NS 0.98
NS 0.93
NS 1.02
<0.01 5.2
<0.001 9.8
<0.01 5.2
<0.01 6.5
<0.001 6.1
<0.001 12.3
<0.01 7.5
NS
NS
a AC activity of bright" and granular" portions of distal convoluted tubules (DCTb + g) was measured without (basal) or with PTH
or SCT in the incubate. Results are presented in the same way as they are in Table 2.
Collagenase hydrolysis was performed at 350 C.
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Fig. 4. PTH- and SCT-stimulated AC activity in Hyp mice versus N mice. Bars indicate the mean increase in cAMP generation (stimulat-
ed minus basal activity) induced by either PTH (IOU/mi) or SCT (10 ng/ml) in Hyp mice (dark column) and paired N mice (light column).
Data calculated from mean values are given in Table 2 for PCT, Table 3 for CAL, Table 4 for DCTh + g, and Table 5 for OCT1 and CCT1.
Asterisks indicate the segments in which the difference between Hyp and N responses was reproducible and statistically significant. See
Figs. I and 2 to define abbreviations.
sensitive adenylate cyclase in mouse [16) and not in
rabbit 101. More marked differences were noted be-
tween mouse and rabbit regarding calcitonin action
sites. The PCT contains AC which responded
slightly to SCT (10 nglml) in the mouse (Table 1),
whereas it did not in the rabbit [9]. Since SCT (0.1
ng/ml) induced no detectable response, however,
no conclusion concerning the physiologic relevance
of the effect of high SCT doses can be drawn. In the
other portions of the nephron, the AC responses to
calcitonin are located more distally in the mouse
(CAL to CCT1 included, Fig. 1) than they are in the
rabbit (MAL to DCTb) [9].
Comparison of AC responses in hypophospha-
temic and normal mice. The two main differences in
AC activity observed in Hyp as compared to N
mice were (a) an approximately two-fold drop in the
response of the proximal convoluted tubule to
PTH2, and (b) a 7.5-fold increase in the response of
the distal convoluted tubule (DCTb+g)to calcitonin.
The responses of the DCT to PTH and of the
thick ascending limb (CAL) to calcitonin were al-
2 Cowgill et al recently measured PTH-dependent AC activity
in homogenates of kidney cortex from Hyp and N mice [3]. They
observed that the response was lower in Hyp than it was in N
mice (1068 and 1429 pmoles/mg/l0 mm, respectively) although
the difference was not statistically significant. These values are
in good agreement with our data if it is remembered that homoge-
nates of renal cortex contain a mixture of three PTH-responsive
structures (PCT, CAL, and DGTb3S, Figs. 1-3), among which
only PCT exhibits a marked decreased response to PTH in Hyp
mice.
TableS. Salmon calcitonin (SCT)-dependent adenylate cyclase (AC) activity (fmoles/min/30 mm) in Slight" distal (DCT1) and collecting
(CCT1) tubulesa from hypophosphatemic (Hyp) micea
scAMP
Segment Mice Basal P With SCT (10 ng/ml) P (HypIN)
DCT• N 61.7 6.9
(N=5)
352.1 35.7
(N=13)
NS <0.01 1.8
Hyp 78.6 6.1(N5) 590.8 60.5(N= 11)
CCT1 N 51.6 9.9(N7) 143.1 22.3(N=l4)
NS NS 1.5
Hyp 53.8 9.2(N=7)
215.4 47.1(N 12)
a The results obtained in two to three different experiments were pooled in this table. N denotes the number of measurements and are
presented in the same way as they are in Table 2.
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most similar in Hyp and N mice. Specific alterations
in AC responsiveness to PTH and SCT were there-
fore observed in genetic hypophosphatemic mice,
which, for each of the two hormones, affected se-
lectively some of the responsive segments and not
the others. Such a dissociation indicates that in this
disease the response of the enzyme to a given hor-
mone was altered (or regulated) independently in
the different nephron portions responsive to each
hormone.
As shown by the dose-response curves in Figs. 2
and 3, the altered responses of Hyp mice were pres-
ent for the whole range of hormone concentrations
used, and the apparent Km for AC activation were
similar in the Hyp and the N mouse (0.3 to 0.5 ng/
ml, that is, 1-2 10i M for SCT in DCT+g, and
about 300 mU/mi, that is, 3 108 M for PTH in
PCT). These Km values are roughly equal to those
reported for PTH in rabbit PCT [8j and calcitonin in
rabbit DCTb [91, respectively. Changes in absolute
AC response without modification of Km as ob-
served in Hyp mice suggest a variation either in the
number of hormone receptor molecules present in
the tubule or in the coupling efficiency between re-
ceptors and AC units, rather than alterations of the
hormone-receptor molecule itself.
Since the differences in response between Hyp
and N mice remained present when low hormone
concentrations (approaching physiologic levels)
were used (Fig. 2 and 3), we reasonably can assume
that under in vivo conditions proximal convoluted
tubules exhibit a decreased sensitivity towards en-
dogenous PTH, whereas distal convoluted tubules
exhibit an increased sensitivity towards calcitonin
in Hyp mice, as compared to normal mice.
Proximal tubule. It is now widely accepted that
PTH inhibits phosphate reabsorption in the proxi-
mal tubule of the rat through a sequence of events,
which includes (a) AC activation, (b) increase in
cAMP cell concentration, (c) cAMP-dependentpro-
tein kinase activation [17], (d) phosphorylation of
specific protein at the brush border level, and (e) a
resulting drop in sodium-dependent phosphate en-
try into the cell across the apical membrane [18].
The decreased AC responsiveness to PTH that
we observed in proximal tubules of hypophospha-
temic mice could be either a "primary" defect of
the disease, that is, an alteration of direct genetic
origin, or a "secondary" defect, indirectly caused
by the disease. The hypothesis of a primary genetic
defect of the PTH-receptor-AC system seems un-
likely, since such a defect should result in increased
inorganic phosphate transport by proximal tubules
rather than a decrease as it was observed in micro-
puncture experiments 112, 3]. The hypothesis of an
indirect alteration due to excessive blood PTH con-
centration (desensitization [19]) is unlikely too,
since blood PTH was reported to be normal in Hyp
mice [3, 201. Chronic hypophosphatemia itself also
could have affected PTH-dependent AC, but Kuro-
kawa et al [21] recently demonstrated in the rat that
phosphate depletion does not modify PTH-induced
cAMP generation by cortical tissue, nor cAMP-de-
pendent protein kinase activation. In addition, the
phosphate content of the cells and the turnover of
phosphate in kidney cortex slices were found to be
similar in genetic Hyp and normal mice [2, 4]. Our
observation in Hyp mice that AC response to PTH
was impaired in proximal and not in distal tubules
suggests that the origin of this alteration might rest
in the functioning of the proximal tubule itself.
Moreover, the apparent discrepancy between a low
response of AC to PTH and a decreased fractional
reabsorption of phosphate in proximal tubule could
be accounted for if a genetic defect in phosphate
transport is assumed to exist beyond cAMP genera-
tion. This hypothesis is supported by the observa-
tion of Tenenhouse, Schriver, and Mclnnes, [4]
who recently presented evidence for a marked de-
fect of sodium-dependent phosphate transport by
brush border vesicules of genetic hypophosphatem-
ic mice. On the other hand, when chronic hypo-
phosphatemia was induced by giving a low-phos-
phate diet to rats, a 100% increase of sodium-depen-
dent phosphate flux into brush border vesicules was
obtained [221. The brush border defect observed in
mutant Hyp mice, therefore, was not the con-
sequence of hypophosphatemia, but rather it was its
cause (probably of a prime genetic origin). Cowgill
et al [31 showed in micropuncture experiments that
the proximal tubule of the mutant Hyp mice is still
able to reabsorb more phosphate after para-
thyroidectomy, though to a limited extent. A de-
creased response of AC to PTH in proximal tubules
of Hyp mice (even in the presence of a normal hor-
mone concentration in the blood in vivo) might con-
tribute to reduce the inhibitory action normally ex-
erted by PTH on proximal phosphate reabsorption
and, therefore, might limit the deficiency in proxi-
mal phosphate transport associated to the brush
border defect of the disease. The regulatory mecha-
nism through which impaired phosphate transport
at the apical border might result in a decreased sen-
sitivity of the AC to PTH at the basolateral border
of the cells is unknown.
Distal tubule. Another constant finding in genetic
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Hyp mice was the striking increase in AC response
to calcitonin measured in the samples of DCTb+g.
As already mentioned, this increase was not associ-
ated with any change in the response to PTH. PTH
and calcitonin most probably activate AC of dif-
ferent cell types in mouse DCT+g for the following
reasons. In mice, the "bright" (b) and "granular"
(g) portions of the distal convolution respond to
both hormones [161 and are likely to contain several
intermixed cell types as occurs in the rat [231. In
rabbits, in contrast, the cell types present in these
two portions are different [23], and the hormonal re-
sponses are segregated, calcitonin acting in the
"bright" portion only [91 and PTH on the "granu-
lar" portion [101. In Hyp mice, therefore, the en-
hanced response of DCTb+g to calcitonin could have
resulted from an increase either in the number of
SCT-responsive cells or in the number of receptor
sites coupled to cyclase units per SCT-sensitive
cell. Any combination of these two mechanisms is
of course possible.
As regards the origin of this enhanced response to
SCT, many factors could be postulated, such as dis-
turbances of calcium and phosphorus homeostasis,
over-delivery of phosphate to the distal tubules, and
abnormal serum calcitonin concentration. The lat-
ter hypothesis, however, appears unlikely since cal-
citonin concentration was found to be roughly com-
parable in Hyp and N mice in our experiments (0.80
(sEM) 0.07 and 0.61 0.07 ng/ml in 4 Hyp and N
mice, respectively. The difference was not statisti-
cally significant.
The increase in AC response to calcitonin ob-
served in distal tubules of Hyp mice is likely to be of
physiologic relevance since it was present at SCT
concentration as low as 3 10 M (0.1 nglml) (Fig.
3). It seems, however, premature to speculate fur-
ther before the nature of the physiologic effect(s)
induced by calcitonin on mouse distal tubules via
cAMP generation is established.
Conclusion. A decreased AC response to PTH of
proximal tubules and an enhanced AC response to
calcitonin of distal tubules were observed to be con-
stant features in the kidney of hypophosphatemic
mutant mice. The abnormalities are likely to be sec-
ondary phenomena of the disease, whereas, if con-
firmed, the defect in phosphate transport by the
brush border of proximal epithelial cells might be a
prime defect of the genetic Hyp mutation. Much
more information about the different metabolic and
endocrine aspects of this genetic disease must be
clarified before the observed alterations in cyclase
response to PTH and calcitonin can be interpreted
fully.
Reprint requests to Dr. MG. Brunette, Maisonneuve Hospi-
tal, 5415 L'Assomption Blvd., Montréal, P.Q., HIT 2M4, Cana-
da
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